Single-antigen bead (SAB) testing permits reassessment of immunologic risk for kidney transplantation. Traditionally, high panel reactive antibody (PRA), retransplant and deceased donor (DD) grafts have been associated with increased risk. We hypothesized that this risk was likely mediated by (unrecognized) donorspecific antibody (DSA). We grouped 587 kidney transplants using clinical history and single-antigen bead (SAB) testing of day of transplant serum as (1) unsensitized; PRA = 0 (n = 178), (2) third-party sensitized; no DSA (n = 363) or (3) donor sensitized; with DSA (n = 46), and studied rejection rates, deathcensored graft survival (DCGS) and risk factors for rejection. Antibody-mediated rejection (AMR) rates were increased with DSA (p < 0.0001), but not with panel reactive antibody (PRA) in the absence of DSA. Cellmediated rejection (CMR) rates were increased with DSA (p < 0.005); with a trend to increased rates when PRA>0 in the absence of DSA (p = 0.08). Multivariate analyses showed risk factors for AMR were DSA, worse HLA matching, and female gender; for CMR: DSA, PRA>0 and worse HLA matching. AMR and CMR were associated with decreased DCGS. The presence of DSA is an important predictor of rejection risk, in contrast to traditional risk factors. Further development of immunosuppressive protocols will be facilitated by stratification of rejection risk by donor sensitization.
Introduction
Methods used to identify alloantibodies have become increasingly more sensitive and specific over time, evolving from complement-dependent cytotoxicity (CDC) assays, to antihuman globulin enhanced CDC (AHG/CDC), enzymelinked immunosorbent assay (ELISA), and solid-phase assays performed on flow cytometric and Luminex platforms. Consequently the identification, characterization and to a limited degree, quantification of preformed HLA antibodies has improved, as SAB testing identifies a much lower level of antibody than required to cause a positive AHG cross match (1) (2) (3) (4) (5) (6) .
At the same time, the definition, diagnosis, and monitoring of rejection, particularly AMR, has also been refined (7) (8) (9) . Collectively, these advances provide an opportunity to more accurately assess risk factors for kidney allograft rejection. Traditionally, high PRA, retransplant and DD grafts have been associated with increased risk of rejection (10) (11) (12) (13) (14) (15) (16) (17) . We hypothesized that this risk was likely mediated by (previously unrecognized) donor-specific antibody (DSA). In this study we grouped kidney transplant recipients by immunologic history (i.e. sensitizing events and PRA) and the presence or absence of DSA at the time of transplant, and examined the impact of previously identified risk factors for rejection and immunologic graft loss.
Patients and Methods
A total of 905 kidney transplants were performed at the University of Minnesota between January 1, 2004 and December 31, 2007 . Transplants were done on the basis of a negative final AHG/CDC cross match (AHG-XM) in most circumstances. For retransplant candidates, repeat mismatches were not avoided a priori. All donor and recipient characteristics and posttransplant outcomes were prospectively recorded in our center's database. Importantly, a repository of stored sera was maintained on all transplant candidates. For recipients with negative final AHG-XM, we studied the impact of immunologic history (i.e. prior sensitizing events) and pretransplant DSA on transplant outcome.
Immunologic Risk Factors in Kidney Transplantation
Among the 905 transplants, 318 were excluded from this analysis for the following reasons: (1) prior or simultaneous extrarenal transplants; (2) blood group antigen incompatible transplants, (3) transplants with positive final AHG-XM, (4) transplants done after desensitization, (5) incomplete sensitization history or XM data or (6) patients who declined participation in outcomes research. The remaining 587 transplants were studied under an approved institutional review board protocol (#0711E22165). Recipients that underwent a subsequent extrarenal transplant (i.e., pancreas after kidney) were censored at the time of the extrarenal transplant.
HLA typing
All patients and donors were molecularly typed for HLA-A * , B * , C * , DRB1 * /3 * /4 * /5 * , DQB1 * and DQA1 * antigens. Recipients and their donors were further typed for HLA-DPB1 antigens whenever testing revealed the presence of DP antibodies in recipient day of transplant (D0) sera. D0 serum was tested for DSA. The presence of DSA was defined as a baseline-adjusted, mean fluorescence intensity (MFI) ≥500 for any SAB representing an A, B, C, DRB1/3/4/5, DQB1, DQA1, DPB1 antigen/allele present in the kidney donor. DQA1 specificities were assigned according to Deng et al. or by analysis of pattern of reactivity (18) .
Cross matching
The cytotoxic T and B cell AHG-XM assay was used to determine organ compatibility. AHG-XMs were performed prospectively with D0 sera and the historic peak sample as described previously (19) . Positive AHG-XM with historical serum was not a contraindication to transplant, as long as the D0 serum XM was negative.
Immunosuppression and rejection
All patients received antilymphocyte globulin (Thymoglobulin R , Genzyme, Cambridge, MA, USA) induction (4-6 mg/kg), calcineurin inhibitor and mycophenolic acid based immunosuppression and rapid discontinuation of prednisone (20 Allograft biopsies were triggered by graft dysfunction, defined as serum creatinine >25% of baseline. All cellular rejection episodes were biopsy proven and described as per Banff criteria (7, 8) . AMR was diagnosed when two of three findings (light microscopic changes of AMR, diffuse [>50%] C4d staining or circulating DSA) were present; or when staining was diffusely C4d positive with otherwise unexplained graft dysfunction (9) . Cellmediated rejection (CMR) was treated with steroid pulse and recycle, or with lymphocyte depleting antibody if steroid resistant (Thymoglobulin  R ) or Banff 2A or higher (muromonab-CD3). AMR was treated with steroids and five or more treatments of plasma exchange/IVIg, as needed.
Patient grouping
Transplants were categorized into groups based on sensitization history and detection of HLA antibodies by SAB in D0 serum. Group 1 ('unsensitized') comprised 178 patients with no history of pregnancy, transfusion or transplant, PRA = 0 in all available pretransplant sera, and negative AHG-XM on historical and D0 serum samples. Group 2 ('third-party sensitized') included 363 patients with a history of a sensitizing event, negative AHG-XM on historical and D0 serum, and no DSA by SAB testing in D0 serum. Of these 363 sensitized recipients, 214 (59%) had peak PRA = 0 (group 2A) and 149 (41%) had peak PRA>0 (group 2B). Group 3 ('donor sensitized') included 46 recipients with a negative AHG-XM but with DSA in D0 sera. Of these, 7 (15%) had a positive AHG-XM with historical serum.
Statistical analysis
Donor and recipient characteristics for each group were compared by the chi-square and Kruskal-Wallis tests for discrete and continuous variables respectively. Actuarial rates of patient-and death-censored graft survival, as well as CMR and AMR free survival rates were estimated by KaplanMeier methods and compared using log-rank tests. The inverse of DCGS was used to approximate immunologic graft loss.
Graft function was estimated by the Cockcroft-Gault method and reported as creatinine clearance (CrCl) in mL/min. Linear regression analyses of inverse serum creatinine versus time (following the first posttransplant year) were applied to individual patient data. Resulting slope estimates were then compared between the groups using the Kruskal-Wallis test. Graft failure was defined as return to dialysis or kidney retransplantation. Cox proportional hazard modeling was applied to evaluate the relative risk of pretransplant characteristics toward the development of CMR and AMR; and of pretransplant risk factors, CMR and AMR toward death-censored graft loss. A forward, stepwise procedure was used in constructing Cox regression models to adjust for contributions of recipient and donor characteristics. p-values <0.05 were interpreted as statistically significant.
Results
Donor and recipient characteristics for the groups are shown in Table 1 .
Overall, group 1 (unsensitized) recipients were more likely to be male, first transplant recipients, and receive a preemptive or living donor (LD) graft. Group 3 (donor sensitized) recipients were more likely to be female, retransplants, have higher PRA and more HLA mismatches. The sensitized groups spent more time on dialysis than the unsensitized group (group 1 = 19.9, group 2A = 46.9, group 2B = 74.3, group 3 = 113.2 months, p < 0.0001). Median graft follow-up for all groups was between 43.8-56.0 months (range 0-78.2 months) (p = 0.004). Median patient follow-up was 46.3-57.9 months (range 3.4-78.2 months) (p = 0.01). Table 2 summarizes 1 year posttransplant outcomes.
Rejection
Rejection-free graft survival is shown, by group, in Figure 1 , panels A-F. Episodes of AMR and CMR occurred primarily 
Patient survival and immunologic graft loss
We observed no difference in patient and graft survival between groups at 1 year posttransplant (Table 2) , however, with longer follow-up, there were differences in actuarial patient and graft survival rates (Figures 2 and 3 ). Compared to group 1, patient survival was significantly decreased (pairwise analysis) for group 2A (p = 0.02, HR = 4.4), group 2B (p = 0.004, HR = 6.3) and group 3 (p = 0.0006, HR = 10.0). We did not identify any trends in the cause of death.
There was no difference in DCGS between groups 1 and 2A (p = 0.98); but there was a trend to worse survival for group 2B (p = 0.06). Group 3 recipients had significantly worse DCGS (p = 0.008, HR = 2.9).
Graft function and impact of AMR
CrCl was significantly different between the groups (Figure 4 ). In addition, after the first year, the slope of 1/Cr versus time was more negative for group 3 versus group 1 (−0.056 vs. −0.017, p < 0.0001). Further insight is gained when evaluating the impact of AMR on graft function over time; in the absence of AMR, the CrCl was stable, even in group 3 (data not shown). CMR = acute cellular rejection; HR = hazard ratio; AMR = antibody mediated rejection; DCGS = death-censored graft survival; PS = patient survival; pk = peak; PRA = panel reactive antibody. In the absence of AMR, there was no difference between the groups in DCGS ( Figure 5A ) whereas the development of AMR was associated with decreased DCGS ( Figure 5B) . Similarly, the development of pure CMR was associated with decreased DCGS in all sensitized groups (data not shown).
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Effect of peak and D0 PRA in recipients without DSA In group 2B (third-party sensitized with peak PRA>0), mean peak PRA was not different for those who had CMR (35% +/−4.7) versus those CMR-free (32% +/−3.4) (p = 0.65) ( Figure 6 ). Similarly, there was no difference in mean peak PRA in those who had AMR (32% +/−6.5)
versus those AMR-free (32% +/−3.0) (p = 0.86). Likewise, mean D0 PRA did not differ between rejecters and nonrejecters: CMR positive = 22% +/−4.3 versus CMRfree = 24% +/−3.3, (p = 0.68); AMR positive = 19% +/−5.9 versus AMR-free = 24% +/−2.9, (p = 0.46).
Effect of retransplant status and donor type
For both groups 2A and 2B, there was no significant difference between primary and retransplants in either AMR or CMR (Figure 7 ). Group 3 (donor-sensitized) retransplants actually had a higher rate of CMR-free graft survival compared to donor-sensitized primary transplants (p = 0.03); while AMR-free survival was also higher for retransplants in this group, but did not meet statistical significance (p = 0.25).
We found no significant difference in rejection rates within the study groups for recipients of living versus deceased donor (DD) transplants (Figure 8 ).
Multivariate analyses
In order to identify pretransplant risk factors associated with the development of rejection (CMR and AMR), we applied Cox regression modeling and adjusted for differences in key characteristics between the study groups. The retransplant status was considered in the stepwise selection of the multivariate analyses of the entire cohort, but was not significant so was not included in the final model. The most important risk factors for CMR were the presence of donor-specific sensitization (p = 0.016), thirdparty sensitization with PRA>0 (p = 0.03), and worse HLA matching (p = 0.001) ( Table 3 ). Risk factors for AMR were donor-specific sensitization, worse HLA matching, and female gender. Recipient age >50 was protective.
In a subanalysis of the third-party sensitized patients (group 2) (n = 363), risk factors for CMR were PRA>0, age <18 and worse HLA matching, while risk factors for AMR included only age <18 and worse HLA matching (Table 4) .
Importantly, by multivariate analysis, risk factors for DCGS were history of dialysis >180 days (p = 0.022), pure CMR (p = 0.0005), and mixed rejection (CMR+AMR) (p < 0.0001) ( Table 5 ). With rejection included in the analysis, donor-specific sensitization was not significant.
Discussion
Detection of preformed HLA antibody by SAB testing has revolutionized the pretransplant evaluation of donor and . There were no differences between the groups when the AMR outcome was the same. Graft survival within the study groups was significantly worse when AMR occurred (group 1, p < 0.0001, group 2B, p = 0.04, group 3, p = 0.003).
recipient compatibility. Immunologic risk has been previously assessed in retrospective analyses noting associations between high PRA, retransplants, and DD grafts and increased rates of rejection and/or graft loss. These studies were done before the advent of SAB testing for DSA. DSA present in low or even moderate amounts may not cause a positive AHG-XM and it is likely that many XMnegative recipients had DSA. Therefore it is quite probable that historically accepted risk factors such as retransplantation or increased PRA were surrogates for (unrecognized) donor-specific sensitization (1, 17, 21) .
Our practice of setting a very low threshold (MFI > 500) for a definition of the presence of DSA permitted a stringent criterion of those free from DSA at the time of transplant, thus facilitating investigation of the contribution of historically accepted risk factors for poor immunologic outcome.
In this study, we reassessed three previously described risk factors for rejection and graft loss after kidney transplantation (namely sensitization, retransplantation and DD grafts) in the context of solid-phase antibody detection. By univariate analysis, none of these risk factors were significantly associated with AMR. However, we did confirm previous studies that noted recipients with PRA seemed to have an increased risk of CMR (although this did not reach statistical significance, perhaps due to underpowering). These findings expand on the existing literature in that we found PRA remained a significant risk factor for CMR even after excluding recipients with DSA in the day of transplant sera.
Retransplant status and DD grafts were not associated with a higher risk of rejection or graft loss in both univariate and multivariate analyses. In addition, PRA (in the absence of DSA) was not a significant risk factor for AMR. Our data suggest that these factors alone should not be criteria for the application of more intense posttransplant immunosuppression protocols. These findings (a) call into question the general practice of using certain historically reported risk factors to identify patients at risk for rejection (especially AMR), and (b) challenge the rationale for including nondonor-sensitized patients in study protocols for AMR prevention due to low event rates. An important limitation to our observations is that all patients were treated with polyclonal antibody induction, calcineurin inhibitor and antimetabolite. It may be that these traditional risk factors would remain relevant if other immunosuppressive protocols were utilized.
Importantly, we showed that donor-specific sensitization was a risk factor for rejection ( Figure 1 ) and rejection was a risk factor for death-censored graft loss ( Figure 5 ). Differences in graft and patient survival were not seen at 1 year posttransplant (Table 2) , however were evident at longer follow-up (Figures 2 and 3) . However, in the absence of AMR, donor sensitization did not lead to increased graft loss ( Figure 5A ) and multivariate analysis revealed rejection to be the most significant risk factor for graft loss (Table 5 ). Additionally, CrCl was preserved in donorsensitized recipients who did not experience AMR (data not shown). Together, these observations suggest that rejection, especially AMR, is the most important risk factor for decreased DCGS and CrCl after kidney transplantation; thus avoidance or prevention of AMR may result in improved long-term outcomes.
Our hypothesis was that DSA would be associated with increased AMR. It is interesting that the donor-sensitized group (group 3) had more CMR than any other group; this may be due to AMR usually presenting as a mixed Figure 6 : CMR and AMR outcomes for third-party sensitized recipients with pkPRA > 0 (group 2B). There were no significant differences in mean PRA (peak or D0) between nonrejecters and rejecters.
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Figure 7: Primary versus retransplant rejection rates: CMR (panel A-C) and AMR (panel D-F).
Rejection free graft survival is similar for third-party sensitized recipients, and significantly worse for donor-sensitized primary transplants.
rejection (both CMR and AMR). A missed AMR diagnosis (C4d negative AMR in the era before SAB testing) for those in group 2B may at least partly contribute toward the observation of increased CMR rates for group 2B compared to groups 2A or 1 (22, 23) . Alternatively, a cell-mediated memory response may play a role, as suggested by Poggio et al. (24, 25) .
Median time to AMR was longer for group 1 compared to other groups, suggesting that the AMR in unsensitized recipients is likely due to de novo antibody production. This later presentation may be due to reductions in immunosuppression or the potential emergence of medication nonadherence. The mean time to AMR in the sensitized groups was much shorter, suggesting that the early presentation of AMR is primarily driven either by an anamnestic response (groups 2A and 2B) or DSA present at transplant (group 3). Further examination of historical (peak PRA) serum samples for DSA in group 2B recipients may elucidate the risk of historical DSA alone toward the development of AMR.
Strengths of our study include complete sensitization history, a stringent cut point for the determination of DSA (by SAB testing), 6 locus HLA typing for donors and recipients, a standardized induction and maintenance immunosuppression protocol and uniform posttransplant monitoring. This is in contrast to previous reports from registry data or single centers with heterogenous pretransplant histocompatibility testing and induction immunosuppression protocols. Our approach facilitated analysis of pretransplant characteristics for contribution toward immunologic risk. However, as noted above, the uniform use of a rapid discontinuation of the prednisone protocol and antilymphocyte globulin induction in our largely Caucasian population precludes extrapolation to prednisone maintenance or noninduction protocols; as lymphodepletion alters the natural milieu and specifically increases early T regulatory cell proliferation, potentially altering T memory or donor-specific humoral responses (26, 27) . Expanding our approach to a diverse, multicenter cohort with nondepleting induction is needed to confirm our findings.
Potential limitations of this study include our definition of AMR and lack of protocol biopsy data. Our definition of AMR may be considered somewhat liberal compared to very recent Banff guidelines (9), since we initially categorized biopsies as having AMR when there was diffusely positive C4d staining as the sole finding in the setting of otherwise unexplained graft dysfunction. This practice predominated before SAB testing was employed at our center and may have overestimated AMR. However, Haas et al. have shown that the majority of early posttransplant C4d+ biopsies (92%) correlate with the presence of DSA in HLAincompatible grafts (28) . It is possible (and even probable) that the actual AMR rate is higher than reported due subclinical (and chronic) AMR, the presentation of which may be insidious and fail to trigger a biopsy. Nonetheless, we found AMR and DCGS rates for group 3 to be similar to other centers reports of incompatible kidney transplant outcomes (29) (30) (31) (32) .
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Univariate analysis showed unexpected similarities in longterm rejection free graft and patient survival for some study groups. These may be due to additional posttransplant events not controlled for in this study. Separating the effect of time on dialysis toward the risk of rejection presents a challenge, as longer time on dialysis is associated with multiple other variables of interest. We tried to address this by comparing patients with short (<180 days) and longer (>180 days) time on hemodialysis with those who were preemptively transplanted. It appeared that longer time on dialysis was not associated with AMR, but did impact risk of graft loss.
SAB testing is now a ubiquitous tool in modern histocompatibility labs. Data from pre-and posttransplant SAB testing have shed light on risk that was previously not appreciated. Using SAB in combination with the AHG-XM has increased the transplant rate of sensitized candidates with increasingly compatible grafts, which is a laudable advance in transplantation (33, 34) . This has facilitated the dual goal of increasing access to transplant as well as minimizing early and midterm graft loss from rejection; thus optimizing each recipient's long-term outcome. Our study, although retrospective and single center, underscores that the best short-and long-term immunologic outcomes occur when donor sensitization is avoided, and that historically accepted risk factors such as PRA, retransplant and DD grafts do not necessarily confer significant immunologic risk.
Questions remain as to the clinical significance of risk contributed by low-level DSA and positive flow XM in predicting long-term allograft survival. Further refinements in risk assessment of donor-sensitized (HLA incompatible) transplants are needed in order for patients and clinicians to weigh the morbidities of rejection and shortened graft survival against the increased mortality rate of remaining on dialysis.
